Melanomas have a high angiogenic potential, but respond poorly to medical treatment and metastasize very early. To understand the early events in tumor angiogenesis, animal models with high tumor resolution and blood vessel resolution are required, which provide the opportunity to test the ability of small molecule inhibitors to modulate the angiogenic tumor program. We have established a transgenic melanoma angiogenesis model in the small laboratory fish species Japanese medaka. Here, pigment cells are transformed by an oncogenic receptor tyrosine kinase in fish expressing GFP throughout their vasculature. We show that angiogenesis occurs in a reactive oxygen species (ROS)-and NF-kB-dependent, but hypoxia-independent manner. Intriguingly, we observed that blood vessel sprouting is induced even by single transformed pigment cells. The oncogenic receptor as well as human melanoma cells harboring other oncogenes caused the production of pro-angiogenic factors, most prominently angiogenin, through NF-kB signaling. Inhibiting NF-kB prevented tumor angiogenesis and led to the regression of existing tumor blood vessels.
Introduction
Angiogenesis, the development of new blood vessels from preexisting vasculature, is a regularly occurring process in the adult body which takes place e.g. during wound healing or the female menorrhea cycle. Under physiological conditions, angiogenesis is temporally and spatially well-controlled, as pro-and antiangiogenic factors are strictly regulated. Under pathological conditions, as for example in tumors, an abnormal secretion of some of these factors results in an imbalance of pro-and antiangiogenic factors, and tumor angiogenesis is favored. This socalled angiogenic switch is an essential step in tumor progression, as only vascularisation of a tumor can guarantee sufficient supply of the tumor cells with oxygen and nutrients, which is the prerequisite for tumor expansion. It has been shown in several transplantation experiments that the size limit of avascular tumors is between 0.2 to 2 mm of diameter (Folkman, 2000) . This correlates with the tissue oxygen diffusions limit of ,100 to 200 mm (Gasparini, 1999) . When a growing tumor reaches a size larger than two millimeters, cells in the inner mass suffer from low oxygen tension (hypoxia). Hypoxia is one of the best characterized angiogenesis triggers, and it is usually initiated by the stabilization of hypoxia-inducible factor 1 alpha (HIF-1a), followed by the induction of pro-angiogenic factors such as vascular endothelial growth factor (VEGF). However, tumor angiogenesis can also occur under normoxic conditions (Lee et al., 2008) .
Among the broad range of human cancers, malignant melanoma, originating from melanocytes, belongs to the most aggressive forms. The incidence of melanoma increases by 3-7% per annum in Caucasian populations. Among the genes which play a critical role in melanoma development and progression are components of the RAS-RAF-MAPK signaling pathway, the PI3K/AKT pathway and the CDKN2A locus.
The knowledge that human melanoma cells are able to induce angiogenesis dates back to the 1960s when Warren and Shubik first discovered that biopsied human melanoma cells transplanted into hamster cheek pouches induce tumor neovascularisation (Warren and Shubik, 1966) . Since then, several proangiogenic factors were discovered which play a pivotal role in tumor -including melanoma -angiogenesis. Among these are VEGF, bFGF and IL-8 as well as PlGF, PDGF, and angiogenin (Dutcher, 2001; Hartmann et al., 1999) . Today it is a well-established fact that angiogenesis is essential for progression and metastatic spread of solid tumors. However, the molecular components which contribute to these angiogenic processes are only partly understood.
To date, a broad variety of in vitro and ex vivo angiogenesis tools and assays are available, such as endothelial cell proliferation, migration and differentiation assays or organ culture assays. These tools are useful for screening potential inhibitors or inducers of angiogenesis and for testing and validating new drugs (Staton et al., 2009 ). However, they can only give limited information about the pro-and anti-angiogenic interactions that take place in the natural microenvironment. In addition, dosage issues or side effects of new drugs cannot be addressed. Therefore, in vivo models are essential to study effects of tumor angiogenesis in the whole organism. Most available in vivo models require transplantation or xenotransplantation of tumor cells, and test animals can only be analyzed at the experimental end point, when they are dissected to investigate affected organs or tissues. Some of these problems can be overcome using transparent animals, like the zebrafish (Danio rerio) or the Japanese ricefish medaka (Oryzias latipes). They produce large numbers of embryos per day with optical clarity and ex utero development which facilitate monitoring. With respect to therapeutic strategies, small aquarium fish in particular offer the unique opportunity to perform large scale anti-angiogenic drug testing on whole animals. For zebrafish, several xenotransplantation angiogenesis models do exist Stoletov et al., 2007) . Almost all of them describe the vascularisation after injection of human melanoma or other tumor cells into embryos or larvae. While these models are certainly useful for examining the effects of established tumor cells, they still harbor some intrinsic physiological disadvantages, such as the fact that human cells are transferred to low temperature conditions, which are required for fish maintenance (approx. 26˚C), and into a developing environment with unfinished organism vascularisation. We thus aimed at monitoring tumor generation, progression and angiogenesis in adult transparent fish, allowing us to observe the tumorigenic processes in their natural tissue microenvironment with high-resolution bioimaging techniques. We recently developed the mitf::xmrk medaka melanoma model , where the melanoma oncogene xmrk, a fish orthologue of the human EGF receptor, is stably expressed under the pigment cell-specific mitf promoter, leading to the formation of pigment cell tumors with an early onset and 100% penetrance. To generate the first transgenic fish tumor angiogenesis model, we crossed these fishes with medakas stably expressing GFP in their vasculature (fli::egfp), thus allowing imaging of the blood vessels. We show that transformed pigment cells have a high capacity to induce hypoxia-independent tumor angiogenesis by activating the NF-kB pathway. In vitro experiments confirm the Xmrk-induced and NF-kB-dependent secretion of proangiogenic factors. Interestingly, we could demonstrate that human melanoma cells also feature permanent activation of NF-kB, which is accompanied by the secretion of pro-angiogenic factors such as angiogenin. Furthermore these data demonstrate that this angiogenesis model is perfectly suited for long-term monitoring of angiogenesis events in live fish and for the evaluation of small molecule inhibitor efficacy in the whole organism.
Results

mitf::xmrk fish display strong tumor angiogenesis
To elucidate the tumor angiogenic capacity of melanoma cells, we crossed mitf::xmrk transgenic medakas, expressing xmrk under control of the pigment cell specific mitf promotor, with fli::egfp transgenic medakas which express egfp under the control of the hemangioblast specific fli promotor. This resulted in the generation of melanoma-developing fish with GFP-positive blood vessels. For microscopic analysis, the caudal fin was chosen because it provides a well-structured vascular pattern, and disruption of this pattern by tumor angiogenesis can easily be detected. Furthermore, the transparency of the fin is well-suited for imaging (Fig. 1Ai-ii) . In comparison to fli::egfp fish (Fig. 1Bi) , the melanoma-bearing fli::egfp;mitf::xmrk animals displayed numerous transformed pigment cells in the caudal fins, visible as black (melanophore) and yellow (xantho-or erythrophore) spots (Fig. 1Ci ). Both pigment cell types are characterized by mitf expression, and in mitf::xmrk transgenic fish, they both express the oncogene Xmrk . Strikingly, the presence of xmrk-expressing pigment cells in the fins resulted in a strong increase of angiogenic sprouts compared to control fish (Fig. 1B,C) . To quantify changes in vascular patterns among adult fli::egfp and fli::egfp;mitf::xmrk transgenic medaka, we examined the average number of sprouts and branch points appearing in the area between fin ray hemispheres ( Fig. 1D,E ). Both were strongly and significantly increased in fli::egfp;mitf::xmrk transgenic medakas compared to control fish. We also observed a correlation between the number of transformed cells in caudal fins of fli::egfp;mitf::xmrk transgenic medakas and the extent of vessel density (Fig. 1F) . Furthermore, it appeared that even single xmrk-transformed pigment cells were able to recruit endothelial sprouts (Fig. 1G,  asterisks) .
We determined the lateral thickness of the caudal fin to be ,100 mm across the fin ray, which is the thickest part of the fin. In the inter-fin-ray area, where xmrk-transgenic pigment cells and angiogenic sprouts appear, the lateral thickness is even less (Fig. 1Hi and ii) . However, the tissue diffusion limit is ,100-200 mm (Gasparini, 1999) and hypoxia is not expected to occur below this limit. To verify the absence of hypoxia in the affected tissue, we examined the expression of the established medaka hypoxia markers epo and tert (Yu et al., 2006) in freshly clipped mitf::xmrk tailfins by real-time PCR (supplementary material Fig.  S1A ). As reference, we used control medaka tailfins. As positive control, excised tailfins which were kept under hypoxic conditions for 24 h were used. They were set in relation to excised tailfins cultivated under normoxic conditions for the same timespan. While both markers increased in the hypoxiatreated tailfins, no changes were observed in mitf::xmrk tailfins (supplementary material Fig. S1A ). In addition, hypoxia was determined by hypoxyprobe treatment and subsequent antibody detection, as described previously (Jopling et al., 2012) . Again, excised tailfins which were kept under hypoxic conditions showed strong staining, which was not detected in fins from mitf::xmrk fishes (supplementary material Fig. S1B ). Thus, we conclude that lack of oxygen supply in the fin is not the driving force of the observed increased angiogenesis.
NF-kB is activated by Xmrk
To identify angiogenic factors induced by Xmrk, we took advantage of various well-established and characterized in vitro systems. In the first cell culture system, the extracellular part of human EGFR (HER) is fused to the intracellular part of Xmrk (mrk), giving rise to the chimeric protein HERmrk. HERmrk (here also called Hm) was introduced into murine melanocytes, which do not contain endogenous EGFR. In comparison to Xmrk, HERmrk is not constitutively active, but can be stimulated using human EGF. The supernatants of unstimulated as well as EGFtreated HERmrk cells were examined in an ELISA-based angiogenesis array. No differences in expression of wellestablished angiogenesis inducers like bFGF and VEGF were observed. However, TNF-a, IL-6 and TIMP-1 were slightly induced after HERmrk stimulation ( Fig. 2A ; supplementary material Fig. S2 ). All three factors are able to induce proangiogenic effects. Even TIMP-1, which was previously considered as anti-angiogenic factor due to its capacity to inhibit matrix metalloproteases, has been recently ascribed protumorigenic and pro-angiogenic roles (Mayrand et al., 2012; Toricelli et al., 2013) . Interestingly, TNF-a, IL-6 and TIMP-1 are known targets of NF-kB (Collart et al., 1990; Libermann and Baltimore, 1990; Wilczynska et al., 2006) . To find out if NF-kB is activated upon stimulation of HERmrk cells, we analyzed the protein levels of the phosphorylated NF-kB subunit p65 (Ser536) in Hm cells at different time points upon EGF stimulation. Phosphorylation of serine 536 in the transactivation domain 1 of p65 directly indicates DNA binding and transcriptional activity of the NF-kB complex. After 3 and 4 h of EGF stimulation a clear increase of phospho-NF-kB (Ser536) levels was detectable (Fig. 2B) . Furthermore, nuclear translocation of total p65 was observed following EGF stimulation (Fig. 2C) .
We have previously shown that HERmrk can induce the generation of reactive oxygen species (ROS) (Leikam et al., 2008; Leikam et al., 2013) and that Xmrk-transgenic fish melanomas display a ROS-responsive protein signature (Lokaj et al., 2009) . As ROS are potent activators of NF-kB, we investigated their role in NF-kB induction in Hm cells. Application of the ROS scavengers Tiron, N-acetylcysteine (NAC) or vitamin E to EGF-stimulated Hm cells reduced phospho-NF-kB (Ser536) protein levels compared to the EGFtreated control (Fig. 2D ). This indicates that HERmrk/Xmrkgenerated ROS is capable of enhancing NF-kB activation.
To test the induction of NF-kB and angiogenic factors in a second, independent cell system, we used human HEK293 stably expressing the native oncogenic receptor Xmrk (HEK293-xmrk cells). The human-specific angiogenesis array does not entirely overlap with the above used murine array, but it is able to detect additional factors such as VEGF-D, PDGF-BB and angiogenin. Again, no differences between HEK293 control cells and HEK293-xmrk cells were visible with respect to the wellestablished angiogenesis inducers bFGF, VEGF, VEGF-D, or PDGF-BB ( Fig. 2E ; supplementary material Fig. S3 ). In contrast to the Hm cell line ( Fig. 2A) an induction of TNF-a or IL-6 was not detectable in HEK293 cells. The only proteins which displayed an Xmrk-dependent induction were TIMP1, TIMP2 and, most prominently, angiogenin (Fig. 2E) . Like the TIMP proteins, angiogenin is also regulated by NF-kB (Chan et al., 2009) . We found that protein levels of both phospho-NF-kB (Ser536) and angiogenin were increased in Xmrk-expressing HEK293 cells in comparison to empty vector transfected control cells (Fig. 2F) . Similarly, mRNA and protein expression levels of angiogenin were induced in response to HERmrk stimulation in the murine Hm cell system (Fig. 2G,H) .
To investigate if Xmrk expresssion is sufficient to induce endothelial sprouting in vitro, we stimulated embedded HUVEC spheroids with supernatants from either control or Xmrkexpressing HEK293 cells (schematically depicted in supplementary material Fig. S4 ). The supernatant from Xmrkexpressing cells strongly enhanced HUVEC sprouting, and this effect was prevented in presence of the EGFR inhibitor AG1478 which blocks Xmrk activity (Fig. 2I ).
Xmrk-driven enthodelial sprouting is mediated by NF-kB and ROS As Xmrk expression was sufficient to induce endothelial sprouting in vitro, we made use of the sprouting assay to explore the functional effects of ROS and NF-kB-dependent signaling. Control (pRK5) or xmrk-transgenic (pRK5-xmrk) HEK293 cells were left untreated or were pretreated for 24 h with an NF-kB inhibitor or with the ROS scavenger Tiron before their supernatant was applied to HUVEC spheroids. Standard culture medium ('basal') and basal medium containing VEGF, directly applied to the HUVEC spheroids, served as negative and positive controls, respectively. Notably, addition of any of the inhibitors to control HEK293 cells did not affect the extent of HUVEC sprouting by the respective supernatant (Fig. 3A,B) . However, while the supernatant from Xmrk-expressing HEK293 cells induced HUVEC sprouting, NF-kB inhibition and Tiron treatment prevented this effect. Similar results were obtained when Xmrk was expressed in the tumor cell line A549 (supplementary material Fig. S5 ). These results support the assumption that NF-kB and ROS mediate Xmrk-induced angiogenesis.
NF-kB and ROS mediate angiogenesis in vivo
To find out if NF-kB and ROS play a role in hypoxia-independent tumor angiogenesis in vivo, we used the fli::egfp;mitf::xmrk fish model. One of the prominent advantages of this animal model system is the easy administration of small molecule inhibitors directly to the water of the fish tank. We used age-matched adult fli::egfp;mitf::xmrk medakas that were separated into groups of 9-12 fishes. Groups were either treated with DMSO (control group), NF-kB inhibitor or Tiron for one week. Each fish was monitored before and after treatment. DMSO-treated control fishes displayed a slight increase in the number of blood vessel sprouts during one week, but no change of branch points during this time (Fig. 4A-C) . NF-kB inhibitor and Tiron, however, led to a degeneration and consequently a significant decrease of preformed sprouts (Fig. 4A,B) . Furthermore, there was also a trend towards decreased numbers of branch points in NF-kB-and Tiron-treated fishes, but this did not reach significance (Fig. 4C) .
NF-kB is active in human melanoma cells and induces the production of angiogenin NF-kB is often activated in human melanoma, where it facilitates tumor invasion and proliferation, prevents apoptosis and induces angiogenesis (Ueda and Richmond, 2006) . To investigate a possible connection between NF-kB and the production of angiogenesis inducers in human melanoma cells, we treated the human melanoma cell line Mel Im with NF-kB inhibitor and performed an ELISA-based angiogenesis array. Mel Im cells were chosen because of their high intrinsic NF-kB activity (Kuphal et al., 2010) . Interestingly, only angiogenin, TIMP1, TIMP2 and GRO were downregulated upon NF-kB inhibitor treatment, indicating that these factors are regulated by NF-kB in Mel Im cells ( Fig. 5A; supplementary material Fig. S6 ). Altogether, angiogenin was consistently detected among all cell systems used throughout our experiments. To test the dependence of angiogenin expression on NF-kB signaling in human melanoma cells, we performed inhibitor experiments. Pretreatment of Mel Im cells with NF-kB inhibitor strongly decreased phospho-NF-kB (Ser536) levels, which went along with a reduction of angiogenin protein (Fig. 5B) . The same was also true for the other three investigated melanoma cell lines Mel Wei, Mel Ho and A375 (Fig. 5C ).
It was previously described that angiogenin is upregulated by hypoxia in some melanoma cell lines (Hartmann et al., 1999) . To test if hypoxia, NF-kB, or both are relevant for angiogenin production in the melanoma cell lines used here, Mel Im, Mel Wei and A375 were kept for 24 h under normoxic or hypoxic conditions and in absence or presence of NF-kB inhibitor (Fig. 5D) . Subsequently, the protein levels of angiogenin were analyzed. Surprisingly, hypoxia did not lead to an increase, but rather a decrease of angiogenin levels, whereas NF-kB was required for angiogenin expression in all cases except in hypoxia-treated A375 cells. In Xmrk-expressing HEK293 cells, hypoxia had no effect on angiogenin expression at all, whereas NF-kB was the responsible factor for maintaining high levels of angiogenin (Fig. 5E) .
To test the pro-angiogenic capacity of the NF-kB targets in human melanoma cells, we performed a sprouting assay with DMSO-treated control fish served as a reference (A-C). Statistical analysis was carried out using the Kruskal-Wallis test. As post-hoc analysis we used an approach based upon the Tukey method as described (Sokal and Rohlf, 1995) (B,C). The data were derived from 12 control fishes, 11 NF-kB-inhibitor-treated fishes and nine Tiron-treated fishes. *P,0.05. conditioned supernatant from three different melanoma cell lines treated with control-, angiogenin-and TIMP1-specific siRNA ( Fig. 6; supplementary material Fig. S7 ). The respective siRNA treatment had no effect on cell viability, as measured by MTT assay (Fig. 6A) . In contrast, knockdown of angiogenin and TIMP1 reduced the sprouting capacity of the melanoma cell supernatant (Fig. 6B) .
In summary, we demonstrate in an experimental melanoma model that angiogenesis can efficiently occur even in absence of hypoxia and is instead regulated by ROS-driven NF-kB activation. Similar processes occur in human melanoma cells, where strong angiogenesis inducers like angiogenin are upregulated by high intrinsic NF-kB activity.
Discussion
Due to their high transparency and the consequential opportunities for bioimaging analyses, fish models are perfectly suited for angiogenesis research. Tumor-and melanoma angiogenesis were described previously in zebrafish, but in contrast to our model, the common zebrafish angiogenesis models encompass the usage of embryos instead of adult fishes. Typically, human or murine tumor cells are injected into the perivitelline space of zebrafish larve 48-72 h post fertilization . Although these models are undoubtedly of high importance, the vascular system is still developing at these early stages, thus increasing the endothelial sensitivity to angiogenic cues. Our model does not have the need for invasive manipulation or the artificial grafting of aggressive tumor cells. Here, hyperpigmentation and the corresponding development of premalignant lesions occur slowly during the lifetime of the individual fish, and the observed angiogenic sprouts appear from fully developed blood vessels. This situation mimics more closely the situation in human patients.
Similar to many other tumor cells, human melanoma cells express a variety of angiogenic factors, such as VEGF, bFGF, PlGF, IL-6 and IL-8 (Mahabeleshwar and Byzova, 2007) , Furthermore, matrix metalloproteases (MMP) and certain integrin components such as integrin a V b 3 are crucially involved in tumor progression and angiogenesis (Mahabeleshwar and Byzova, 2007) and are also regulated by Xmrk (Geissinger et al., 2002; Meierjohann et al., 2010) . Although classical anti-angiogenic strategies such as VEGFR2-, integrin-or MMP inhibition showed a certain effect on angiogenesis and tumor load in mice, their success in humans was very limited due to therapy resistance.
It has been reported that many of the pro-angiogenic factors, such as VEGF and integrin a v b 3 , are induced by hypoxia (Cowden Dahl et al., 2005; el Filali et al., 2010) . Hypoxia-driven VEGF secretion is further potentiated by the activation of classical oncogenes such as RAS or BCL-2, with the involvement of both PI3K and MAPK pathways (Shellman et al., 2003; Trisciuoglio et al., 2005) . However, VEGF secretion as well as HIF-1a activation may also occur in an entirely hypoxiaindependent manner, e.g. if the von Hippel Lindau (vHL) protein, which is usually involved in the quick degradation of HIF-1a, is deleted or mutated, as often observed in kidney cancer (E) Protein levels of angiogenin in HEK293-pRK5 or HEK293-pRK5-xmrk cells in the presence or absence of 10 mM NF-kB inhibitor and under normoxic (N) and hypoxic (H) conditions. All samples shown in E were analyzed on the same blot, but the arrangement was changed after developing. For all western blots, b-actin served as a loading control. (Cowey and Rathmell, 2009 ). Interestingly, enhanced AKT kinase signaling as well as ROS also lead to hypoxiaindependent HIF-1a stabilization and can thereby induce proangiogenic factors (Perry and Arbiser, 2006) . In this context, it has been proposed that high intrinsic levels of VEGF and bFGF may be more important than hypoxia-induced upregulation of these factors in the angiogenesis of melanoma xenografts (Rofstad and Mathiesen, 2010) .
In line with these observations, we show here for the first time in a transgenic in vivo melanoma model that melanoma angiogenesis is very effective in vivo even in absence of hypoxia. Instead, angiogenesis is mediated by the NF-kB pathway. As many classical oncogenes such as RAS, AKT, BCR-ABL and receptor tyrosine kinases induce NF-kB signaling, NF-kB is constitutively activated in numerous cancer types, including melanoma, where it is crucially involved in features that are implicated in metastasis, chemoresistance and apoptosis prevention (Ueda and Richmond, 2006) . Although hypoxia is a known trigger of NF-kB, we could demonstrate that in all cell lines we investigated, high levels of activated NF-kB were present under normoxic conditions. In melanoma, there are many potential NF-kB stimuli. The tumor suppressor locus CDKN2A is often deleted or mutated in this tumor type, which ablates the inhibitory effect of its gene products INK4A and ARF on NF-kB activity. In addition, constitutively activated MAPK or AKT signaling, mediated through the melanoma oncogenes BRAF V600E or NRAS Q61K as well as mutations in the tumor suppressor PTEN, are known inducers of NF-kB (Ueda and Richmond, 2006) .
ROS are also very efficient activators of NF-kB, and an increasing body of evidence implicates that cancer cells in general and melanoma cells in particular display high ROS levels which are required to mediate many of the specific characteristics of tumor cells (Fruehauf and Trapp, 2008) . High levels of Xmrk generate a substantial ROS load (Leikam et al., 2008) . It is known that EGF receptors, a group of RTKs that includes Xmrk, can mediate ROS induction by activating NADPH oxidases (Browe and Baumgarten, 2006 ). Here we show that scavenging of ROS by Tiron blocked NF-kB activation, indicating that Xmrkdependent NF-kB stimulation is mediated by ROS. A link between ROS levels and NF-kB activity was previously demonstrated for human melanoma (Kuphal et al., 2010) , and NADPH oxidases in particular are involved in NF-kB activation and melanoma growth (Brar et al., 2002) . The potency of ROS as angiogenesis inducer was furthermore revealed in a murine model for retinal neoangiogenesis and tumor angiogenesis induced by melanoma xenografts. Here, the DNA damage sensor kinase ATM proved to be necessary for mediating ROSinduced angiogenesis (Okuno et al., 2012) . Interestingly, ATM can enhance NF-kB activity by activating the IkB kinase complex, thereby providing a link between ROS, DNA damage and NF-kB activation (Wu et al., 2006) .
Although VEGF-A belongs to the NF-kB targets, its secretion was not modulated by Xmrk in the cell culture model or by NFkB inhibition in the human melanoma cell line Mel Im, which is characterized by high NF-kB levels (Kuphal et al., 2010) . The pro-angiogenic compound angiogenin, however, was strongly secreted in Xmrk-transgenic cells, and NF-kB inhibition of these cells or human melanoma cell lines reduced angiogenin secretion to background levels. In concordance, the angiogenin promoter contains NF-kB binding sites. It was observed previously that advanced melanomas are characterized by high angiogenin expression when compared to nevi (Hartmann et al., 1999) . When we investigated angiogenin expression in a set of melanoma samples, we found it to be expressed in 4/10 primary tumors and 5/10 metastases (examples shown in supplementary material Fig. S8 ). Although our data reveal a weaker melanoma staining compared to Hartmann and colleagues -potentially due to differences in antibody sensitivity or previous patient treatment -the trend towards clearly visible angiogenin expression in melanoma is consistent. Still, our in vitro data show that non-transformed melanocytes also express some angiogenin, as demonstrated for cultivated and unstimulated melan-a HERmrk cells, though HERmrk stimulation further increases this effect (see Fig. 2H ). Thus, angiogenin alone is obviously not sufficient to mediate angiogenesis. In comparison to that, the strong angiogenesis inducer NF-kB, which induces additional pro-angiogenic factors besides angiogenin, is a specific characteristic attribute of melanoma, but not nevi (Gao et al., 2006) .
The observation that melanoma angiogenesis in vivo can be mediated by single transformed cells is both striking and unexpected. A question arising from our data is whether a similar angiogenesis process also occurs in humans, thereby contributing to the poor prognosis of patients with metastasized melanoma. As single metastasized tumor cells outside blood vessels or lymph tissue are below the detection limit in human patients, it is not known if single melanoma cells already have angiogenic potential. Still, the first pro-angiogenic factors are already detected in the radial growth phase (RGP) of cutaneous melanoma (Marcoval et al., 1997) . RGP melanomas are below 1 mm in thickness, and they are restricted to the epidermis. Due to the dermal barrier, angiogenesis cannot take place at this stage of the disease, and the secretion of the factors is without effect. However, fully transformed, but thin cutaneous melanomas that are below the proposed hypoxia limit of 1 mm thickness and have overcome the dermal barrier do indeed induce angiogenesis (Barnhill and Levy, 1993) . Thus, the pro-angiogenic capacity of a tumor is not necessarily dependent on hypoxia, but on the malignancy of the cell. This hypothesis is supported by results from injections of melanoma cells of different malignancy into flk1::egfp-transgenic zebrafish embryos. 100-300 non-metastatic B16 mouse melanoma cells were necessary to induce angiogenesis, whereas the metastatic melanoma cell line B16-F10 required only 15-30 cells to induce an angiogenic response (Zhao et al., 2011) . The angiogenesis-inducing capacity of melanoma cells thus seems to depend on their ability to initiate and maintain a pro-angiogenic signaling threshold. Xmrktransformed pigment cells and probably also human melanoma cells are able to keep up such a high signaling threshold. In conclusion, the pharmacological targeting of multi-potent signaling pathways with angiogenesis-dependent as well as -independent pro-tumorigenic effects such as the NF-kB pathway might be a promising anti-tumor strategy.
Materials and Methods
Fish maintenance and generation of the melanoma angiogenesis model Fishes were maintained under standard conditions with an artificial photoperiod (10 hours of darkness, 14 hours of light). For all assays, fishes were kept in a medium containing 17.4 mM NaCl, 210 mM KCl, 180 mM Ca(NO 3 ) 2 , 120 mM MgSO 4 , 1.5 mM HEPES. To allow in vivo observation of the vasculature a transgenic line was produced that expresses enhanced GFP (EGFP) under control of the zebrafish fli1 15 kb regulatory region (Lawson and Weinstein, 2002) . Plasmid pfli15EGFP, kindly supplied by Dr B. Weinstein, was injected into one cell stage medaka embryos of the Cab strain using standard procedures (see Patton et al., 2011) , except that 0.5 SceI buffer was used as injection fluid. Stable lines were established by crossing positive founder fish to Cab strain medaka. Transgenic fish lines mitf::xmrk and fli::egfp were crossed to generate fli::egfp;mitf::xmrk double transgenic fishes. Quantification of sprouts and branch points per mm inter-fin ray area was performed using at least seven fishes from each group. All animal studies have been approved by the author's institutional review board (Animal Welfare Officer of the University of Wurzburg).
Cell culture
Mouse melanocytes transfected with HERmrk (melan-a Hm) were cultured as described previously (Leikam et al., 2008) . For small molecular inhibitor experiments, Hm cells were starved for 3 days in 2,5% starving medium [Dulbecco's Modified Eagle's Medium (DMEM) supplemented with penicillin (400 U/ml), streptomycin (50 mg/ml) and 2.5% dialyzed fetal calf serum (FCS, Invitrogen)]. Inhibitors were applied at indicated concentrations. One hour after inhibitor treatment, cells were stimulated with 100 nM human EGF (hEGF). Human embryonic kidney cells HEK293 and adenocarcinoma-derived human alveolar basal epithelial cells (A549), transfected with pRK5 or pRK5-xmrk were maintained in DMEM supplemented with penicillin (400 U/ml), streptomycin (50 mg/ml), and 10% fetal calf serum (FCS, Invitrogen). Human melanoma cell lines Mel Im, Mel Wei, Mel Ho and A375 were maintained in DMEM supplemented with penicillin (400 U/ml), streptomycin (50 mg/ml), L-glutamine (300 mg/ml) and 10% FCS (Invitrogen). Human umbilical vein endothelial cells were cultured in ECGM2 with SupplementMix (PromoCell) and 10% FCS (Biochrom). Hypoxia experiments were performed at 1% O 2 (Pro-Ox controller, Biospherix, USA).
siRNA transfection
Commercially available control siRNA and siRNA against human ANG or TIMP1 (Smart Pool On Target Plus, Thermo Scientific) were transfected using X-treme gene transfection reagent (Roche), according to the manufacturer's recommendations. Cells were analyzed 3 days after transfection. To generate the conditioned medium, the cells were transferred to Endopan medium (PAN Biotech) 1 day after siRNA transfection.
Cell viability assay
Cell viability was assessed using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] staining (Sigma-Aldrich), as described by the manufacturer. Briefly, cells were transfected with the indicated siRNA and were seeded the following day at a density of 4610 3 cells per well into a 96-well plate. After adhesion, medium was replaced by Endopan medium (PAN Biotech). After 48 h, 5 mg/ml MTT was added and incubated for 2 h at 37˚C. The supernatant was removed and reaction products were solubilized for 1 h in DMSO. Absorbance was measured at 570 nm with a reference wavelength of 650 nm using an ELISA reader (Sunrise Absorbance Reader, Tecan). Each experimental condition was analyzed in quadruplicate.
In vivo inhibitor treatment
For the in vivo treatment of transgenic fli::egfp;mitf::xmrk and fli::egfp medakas, 100 nM NF-kB activation inhibitor (Calbiochem) or 3 mM Tiron (dissolved in DMSO) were administered for the indicated timespan. The tank water including inhibitors was exchanged every second day. DMSO treatment served as control. Quantification of sprouts and branch points per mm inter-fin ray area was performed using at least nine fishes from each group.
Microscopy
For imaging, fishes were anesthetized with a 1:2000 dilution of pure 2-phenoxyethanol. Pictures were taken with a Leica DMI6000 B microscope. Leica Application Suite (LAS) Microscope Software and ImageJ software were used to analyze the raw data.
For confocal microscopy the caudal fins of transgenic fli::egfp;mitf::xmrk medakas were cut and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) over night. After three washing steps with PBS fins were gradually dehydrated with increasingly concentrated methanol solution (up to 100%) and incubated at room temperature overnight. Subsequently, fins were gradually hydrated with PBS and were incubated for 1 hour with the TO-PRO-3 DNA stain (1:1000, Invitrogen). After three washing steps with PBS, fins were incubated in PBS overnight at room temperature. Fins were then transferred to glass slides and were covered with MowiolH 4-88 (Roth). Images were captured with a Nikon C2 confocal microscope.
Gene expression analysis
Hm cells were starved for 3 days in 2.5% starving medium and were subsequently stimulated with 100 ng/ml hEGF for indicated times. All other cell lines were treated as indicated in the figure legends. RNA extraction from stimulated Hm cells and human cell lines was done using Total RNA Isolation Reagent (ABGene) as recommended by the manufacturer. cDNA was prepared from total RNA using the RevertAidTM First Strand cDNA Synthesis Kit with random hexamer primers (Fermentas). PCR primers (supplementary material Table S1) were designed using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). PCR was carried out using the Eppendorf MastercyclerH ep realplex thermal cycler. Values for each gene were normalized to expression levels of b-actin. Relative expression levels were calculated applying REST software. The data represent the results from two different biological replicates that were each analyzed by three independent realtime PCRs.
Cell lysis and western blot analysis
Shortly, 50 mg of each protein lysate was seperated by SDS-PAGE and analysed by immunoblotting. Polyclonal anti-Xmrk antiserum was generated by Biogenes.
Anti-b-actin (C-4) and Anti-ANG-I (C-1) antibodies were purchased from Santa Cruz Biotechnology. Anti-P-NF-kB-p65 (Ser536) (93H1) antibody was purchased from Cell Signaling Technology (New England Biolabs). Secondary antibodies were conjugated to horseradish peroxidase and were directed against mouse (Pierce, Rockford, IL) and rabbit (Bio-Rad). Images were acquired with KODAK image station.
Spheroid sprouting assay
This assay was performed as described before (Brütsch et al., 2010; Wüstehube et al., 2010) . Shortly, human umbilical vein endothelial cells (HUVECs) were trypsinized and suspended in growth medium with 20% Methocel (Sigma-Aldrich). 25 ml drops were put on a culture dish lid and incubated as hanging drops for 24 h to form spheroids containing ca. 400 cells each. Spheroids were suspended in 2 ml Methocel with 20% FCS and 2 ml rat collagen and embedded in a 24-well plate. 0.1 ml basal culture medium was added to assess basal sprouting, while 25 ng/ml VEGF was added for stimulation where indicated. Alternatively, conditioned medium from control or xmrk-transgenic HEK293 or A549 cells or from siRNA-treated human melanoma cells Mel Ho, Mel Im or Mel Wei was added. After 24 h collagen beds were fixed with 10% formaldehyde. The lengths of all sprouts of at least 10 spheroids per condition were counted using an inverted microscope (Olympus IX50 with cell'P software). Each experiment was performed three times.
Pathway analysis
For the identification of pathways which regulate the expression of candidate genes in vitro, we added the following small molecule inhibitors in the indicated concentration to the cell culture medium or spheroid supernatant: AG1478 (inhibitor of EGFR and Xmrk), Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate; scavenger of reactive oxygen species), N-acetyl-L-cysteine, NF-kB activation inhibitor and Vitamin E (a-tocopherol), respectively. Cells without small molecule inhibitor treatment received the equivalent amount of solvent.
Immunofluorescence
Hm cells were seeded on glass coverslips, starved for 3 days in DMEM with 2.5% dialyzed FCS. Cells were then stimulated with 100 ng/ml EGF for 24 h or remained unstimulated. Immunofluorescence was performed as described before (Leikam et al., 2008) . Anti-NF-kB p65 (E498) antibody (1:100; Cell Signaling) and Alexa Fluor 488 goat anti-rabbit IgG (1:1000; Invitrogen) were used. For nuclear staining, 1 mg/ml of Hoechst 34580 (Invitrogen) was used.
Angiogenesis array
Mouse and human angiogenesis arrays were purchased from RayBioH. All cell lines were seeded at a density of 1610 6 cells per 10 cm dish and were incubated in a total volume of 7 ml DMEM media with or without 10 mM of NF-kB activation inhibitor (Invitrogen). After 24 h, 2 ml of non-concentrated supernatant of each conditioned medium was used for the assay. Assays were done as recommended by the manufacturer's protocol.
